The dentate gyrus (DG), in addition to its role in learning and memory, is increasingly implicated in the pathophysiology of anxiety disorders. Here, we show that, dependent on their position along the dorsoventral axis of the hippocampus, DG granule cells (GCs) control specific features of anxiety and contextual learning. Using optogenetic techniques to either elevate or decrease GC activity, we demonstrate that GCs in the dorsal DG control exploratory drive and encoding, not retrieval, of contextual fear memories. In contrast, elevating the activity of GCs in the ventral DG has no effect on contextual learning but powerfully suppresses innate anxiety. These results suggest that strategies aimed at modulating the excitability of the ventral DG may be beneficial for the treatment of anxiety disorders.
INTRODUCTION
Lesion studies in both humans and animals, have demonstrated an essential role for the hippocampus in episodic memory formation (Burgess et al., 2002) . Although this mnemonic function remains undisputed, recent studies have suggested that the hippocampus might also contribute to emotional behavior as neuroimaging studies have implicated hippocampal dysfunction in mood and anxiety disorders (Campbell et al., 2004; Dannlowski et al., 2012; Gilbertson et al., 2002; Irle et al., 2010; Kitayama et al., 2005) .
Consistent with its proposed roles in both cognitive and emotional domains, the hippocampus shows marked variation along its dorsoventral axis in terms of both afferent and efferent connectivity (Bannerman et al., 2004; Fanselow and Dong, 2010; Gray and McNaughton, 2000) . Most strikingly, the dorsal hippocampus projects extensively to associational cortical regions whereas the ventral hippocampus projects to regions implicated in autonomic, neuroendocrine, and motivational responses to emotionally charged stimuli, such as prefrontal cortex (PFC), amygdala, and hypothalamus (Fanselow and Dong, 2010; Gray and McNaughton, 2000; Moser and Moser, 1998; Swanson and Cowan, 1977) . Selective lesion studies showed that removal of the dorsal hippocampus disrupted spatial memory, while lesion of the ventral pole spared spatial learning but had an anxiolytic effect (Bannerman et al., , 2002 Kjelstrup et al., 2002; Moser et al., 1995; Richmond et al., 1999) . However, it is not clear how the anatomical heterogeneity of the hippocampus mediates its differential contributions to memory processing and to anxiety-like behavior, or more generally, if changes in hippocampal activity can impact anxiety levels. In addition, it remains unclear whether the three subregions of the hippocampus (dentate gyrus [DG] , CA3, and CA1) perform the same operations along the dorsoventral axis.
In this study, we sought to examine the effects of acutely increasing or decreasing activity in the dentate gyrus (DG) on cognitive and emotional behavior. We focused on the DG as multiple lines of evidence implicate it in affective processing. For example, DG granule cells (GCs) are especially susceptible to damage by elevated stress hormone levels (McEwen, 1999) , whereas adult neurogenesis, a unique feature of the DG, is increased by factors such as exercise or antidepressant treatment, that elevate mood and is decreased by stress (Dranovsky et al., 2011; Malberg et al., 2000; van Praag et al., 1999) . Furthermore, ablation of neurogenesis blocks certain behavioral effects of antidepressants and some responses to stress (David et al., 2009; Santarelli et al., 2003; Snyder et al., 2011; Surget et al., 2011) . To manipulate the DG with high temporal resolution and cell-type precision we employed optogenetic techniques. First, we genetically targeted inhibitory and excitatory opsins to the DG's principal cell type, the granule cell (GC). And second we optically targeted either the dorsal or ventral DG, so as to evaluate the effect of acutely reducing or elevating activity in GCs in awake behaving animals in tests of contextual learning and anxiety-like behavior. (legend continued on next page)
RESULTS

Optogenetic Control of DG GCs
To target opsin expression selectively to GCs we employed a mouse line that specifically expresses Cre recombinase in this cell type; the proopiomelanocortin (POMC)-bacterial artificial chromosome (BAC) Cre recombinase line (McHugh et al., 2007) . This line was crossed to conditional mouse lines that contained either the yellow light-activated chloride pump halorhodopsin (eNpHR3.0 [Zhang et al., 2007] , ROSA26-CAGstop flox -eNpHR3.0-YFP [Madisen et al., 2012] ) or the blue light-activated cation channel channelrhodopsin (ChR2) (Boyden et al., 2005) 
tdTomato [Madisen et al., 2012] ; Figures 1A and 1E ). POMCeNpHR3.0 and POMC-ChR2 mice were compared to single transgenic littermate control animals throughout. POMC-eNpHR3.0 mice showed robust and selective membrane expression of eNpHR3.0-eYFP in GCs along the entire dorsoventral axis of the DG with pronounced expression in their dendrites and mossy fiber axons that project to CA3 ( Figure 1B ). Whole-cell recordings from GCs in brain slices from POMC-eNpHR3.0 mice confirmed that a brief pulse of yellow (594 nm) light elicited a robust membrane hyperpolarization that effectively suppressed action potential generation ( Figure 1C and see Figure S1 available online). To confirm the functional impact of eNpHR3.0 activation in vivo, the DG was illuminated with yellow light while animals explored a novel environment (for behavior during stimulation, see Figure S2 ), a task that in eNpHR3.0 single transgenic control animals induced a sparse but robust expression of the activity-induced immediate early gene cFos in the DG ( Figure 1D ). In POMC-eNpHR3.0 mice $60% fewer cells were cFos positive in the region below the implanted fiber optic, indicating effective local inhibition of GC recruitment ( Figure 1D ). This local suppression of activity was confirmed with both dorsal and ventral DG illumination in vivo (dorsal DG, Figure 2B ; ventral DG, Figure 2F ).
The POMC-ChR2 mice exhibited robust and selective expression of ChR2-tdTomato in DG GCs, in their dendrites and mossy fiber axons, and along the DG's entire dorsoventral axis ( Figures  1E and 1F ). Whole-cell recordings of GCs from POMC-ChR2 mice confirmed that blue (473 nm) light elicited inward currents ( Figure 1G ). Currents were sufficiently large to bring a subpopulation of GCs to action potential threshold to elicit time-locked spiking to light pulses ( Figure 1H ), and a population in which ChR2 activation generated a robust depolarization from resting potential ( Figure S1 ). Consistently, in the DG of control animals, exploration paired with blue light (for behavior during stimulation, see Figure S2 ), induced the characteristic sparse expression of cFos whereas in POMC-ChR2 mice, 30%-50% of GCs expressed this activity marker ( Figures 1I, 2C , and 2G). Interestingly, blue light stimulation of the DG elicited cFos induction in regions rostral and caudal to the implanted fiber optic ( Figures  2C and 2G ), most likely due to recurrent excitatory connections within the DG. However, increased cFos expression in CA3 was only observed locally at the level of the implant site, indicating region-specific elevation of DG output to CA3 ( Figures  2D and 2H ).
Selective Role of GCs in the Dorsal DG in Contextual Encoding but Not Retrieval We began an examination of the specific contribution of DG GCs to behavior by testing if inhibiting GCs in a region-specific manner modulated either the encoding or retrieval of contextual fear memories. First, POMC-eNpHR3.0 and control mice were implanted bilaterally with fiber optics targeted to the dorsal DG ( Figure 3A ). To test the requirement for dorsal DG activity during the encoding of a context, GC activity was locally suppressed by constant yellow light as mice explored a conditioning context (conditioned stimulus, CS) for 3 min prior to receiving a single foot shock (unconditioned stimulus, US) ( Figure 3B ). POMCeNpHR3.0 and control mice responded similarly to the footshock, but POMC-eNpHR3.0 mice exhibited more exploration of the conditioning chamber prior to the shock ( Figure S3A ). When mice were exposed to the context without light stimulation 24 hr later, POMC-eNpHR3.0 mice exhibited a robust impairment in freezing to the context ( Figure 3B ). This decrease in freezing was also present when mice were tested with light on during both encoding and retrieval phases ( Figure S3B ). Encoding deficits were selective for contextual learning, as inhibition of the dorsal DG did not impair the encoding of a tone-shock association ( Figure S3C ).
To test if the dorsal DG is also involved in the retrieval of contextual memories, POMC-eNpHR3.0 mice were trained in contextual fear conditioning in the absence of yellow light, then tested 24 hr later under optical inhibition of the dorsal DG. Interestingly, POMC-eNpHR3.0 mice froze at similar levels to single transgenic controls, indicating that inhibition of the dorsal DG does not impair the retrieval of already learned contextual fear memories ( Figure 3C ). Together, these data support a specific role for the dorsal DG in the rapid encoding, but not the retrieval, of contextual fear memories.
As fear conditioning elicits a robust emotional response, we hypothesized that manipulations of the ventral DG, which has been implicated in emotional control, might similarly affect fear learning. To test this, GC activity in the ventral or intermediate DG was locally suppressed in vivo by constant yellow light (Figures 3 and S3E ) as mice explored a conditioning chamber prior to a footshock ( Figure 3E ). Local suppression on the ventral DG did not impact exploration of the conditioning chamber or response to the footshock ( Figure S3D ). Twenty-four hours later, Figure S1 . the mice were returned to the same context without light stimulation to test for freezing and to retrain in the absence of light stimulation. Surprisingly, POMC-eNpHR3.0 and controls froze similarly to the training context regardless of whether they received light during the training or retrieval sessions ( Figure 3E ). Thus, silencing of GCs in either the ventral or intermediate DG impaired neither the encoding nor the retrieval of contextual fear memories.
GCs in the Dorsal DG Modulate Cognitive Flexibility
To test the contribution of GCs in the dorsal DG to spatial learning, POMC-eNpHR3.0 with dorsally implanted fiber optics were trained in active place avoidance, a spatial task that has been shown to be sensitive to DG manipulations (Burghardt et al., 2012) . In this task, mice were placed on a rotating arena and trained to avoid a stationary shock zone while GC activity in the dorsal DG was locally suppressed with constant yellow light ( Figures 4A and S4 ). Optogenetic inhibition of the dorsal DG did not impact exploration, acquisition or retrieval of the spatial memory ( Figure 4B and S4) . In addition, analysis of the percent time in each of the zones did not reveal any difference in the first two training sessions ( Figures S4D-S4F) , though a small effect was seen in the percent time in one of the zones opposite the shock zone in the third training trial before the switch (Figure 4C ). This difference did not impact avoidance of the shock zone during this training session ( Figures 4C-4D ). However, when the location of the shock zone was switched to the opposite side of the room, a variant of the task that required animals to rapidly encode a new contingency and resolve a conflicting memory, POMC-eNpHR3.0 mice showed marked deficits. During suppression of dorsal GC activity, mice entered the new shock zone significantly more ( Figure 4D ) and spent less time in the safe, opposite zone than nonsuppressed controls (Figures 4C and 4E) . These data suggest that GCs in the dorsal DG modulate cognitive flexibility in the resolution of conflicting memories.
Elevating Activity in the Dorsal, but Not Ventral, DG Impairs Contextual Fear Learning We next tested the impact of stimulating GCs rather than inhibiting them. GCs are characterized by a sparse activation pattern (Leutgeb et al., 2007) ; a behavioral experience (such as exposure to a novel environment or contextual fear conditioning) induces expression of activity dependent immediate early Percent time in each of the zones during the training trial and the conflict trial. In training, a slightly different strategy was used, but both groups effectively avoided the shock zone (genotype 3 training interaction F (5,45) = 5.4, p < 0.01, t test on zone D, t 9 = À3.4, p < 0.05). In the conflict trial, POMC-eNpHR3.0 mice spent significantly less time in the zone opposite the shock zone and more time adjacent to the shock zone (genotype 3 training interaction F (5,45) = 2.5, p < 0.05, t test on zone D, t 9 = 4.1, p < 0.05, zone C, t 9 = À2.3, p < 0.05). (D and E) As a consequence, POMC-eNpHR3.0 mice exhibited an increased number of entrances into the shock zone after switching its location (unpaired t test, t 9 = À2.3, p < 0.05) and the percent time in the quadrant opposite the new shock zone (t 9 = 3.4, p < 0.01). **p < 0.01, *p < 0.05. All error bars are ±SEM. See also Figure S4 .
genes in only $5% of the GC population (Chawla et al., 2005) . By stimulating DG GCs in POMC-ChR2 mice we increased dramatically overall DG activity ( Figure 1I ) and examined the impact of this manipulation on contextual learning. To assess the consequence of elevating activity within the DG GC population on the encoding of contextual fear, mice explored a conditioning chamber for 3 min while receiving 10 Hz blue light illumination of the dorsal DG ( Figure 5A ). POMC-ChR2 and control mice responded similarly to the foot shock, yet POMC-ChR2 mice exhibited significantly more exploration of the conditioning chamber ( Figure S5A ). Twenty-four hours later, mice were placed back in the conditioning chamber in the absence of light stimulation to test if stimulation had affected encoding. Optogenetic stimulation of the dorsal DG robustly impaired the encoding of contextual fear, as POMC-ChR2 mice showed a marked decrease in freezing to the conditioning context as compared to controls ( Figure 5B ). This decrease in freezing was also seen when blue light was given during both encoding and retrieval phases ( Figure S5B ).
Next, we probed the effect of optogenetic stimulation of GCs in the dorsal DG on retrieval of conditioned fear. Unlike eNpHR3.0-mediated inhibition, optogenetic activation of these cells robustly impaired the retrieval of contextual fear memories, as POMC-ChR2 mice exhibited decreased freezing to the conditioning context as compared to controls ( Figure 5B ). In addition, optogenetic stimulation of the GCs during retrieval could block (A and B) Blue light illumination of the dorsal DG during training blocked the context-shock association as POMC-ChR2 mice froze less to the training context when tested in the absence of light 24 hr after training n = 7-9/geno, repeatedmeasures ANOVA, genotype effect F (1,14) = 11.7, p = 0.004, training effect, F (1,14) = 35.06, p < 0.0001, training 3 genotype interaction F (1,14) = 11.8, p = 0.004, t test on test day t 14 = 3.4, p = 0.004. Mice were retrained in the absence of light in this session by providing a single footshock at the end of the session. Twenty-four hours later, mice were tested for light effects on retrieval, where blue light impaired retrieval in POMC-ChR2 mice, but not single transgenic controls (repeated-measures ANOVA, genotype effect F (1,14) = 35.9, p < 0.0001, training effect, F (1,14) = 83.6, p < 0.0001, training X genotype interaction F (1,14) = 36.108, p < 0.0001, t test on test day t 14 = 9.2, p < 0.0001). Mice were tested 2 hr later to confirm normal encoding of the memory during the retraining session and that light during retrieval did not permanently erase the memory. POMC-ChR2 mice froze similar to control mice in this session, confirming an intact memory for the conditioning context (repeatedmeasures ANOVA, genotype effect F (1,14) = 0.3, p = 0.58, training effect, F (1,14) = 31.1, p < 0.0001, training 3 genotype interaction F (1,14) = 0.29 p = 0.6, t test on test day t 14 = À0.6, p = 0.59). (C and D) Optogenetic stimulation of the ventral DG did not impact the encoding or retrieval of contextual fear memories. Mice received blue light stimulation of the ventral DG during encoding, were tested and retrained in the absence of light, then tested for light effects on retrieval. POMC-ChR2 mice froze similar to single transgenic controls in all phases of the experiment (n = 9/geno, light on during encoding, repeatedmeasures ANOVA, genotype effect F (1,16) = 0.01, p = 0.9, training effect, F (1,6) = 60.7, p < 0.0001, training 3 genotype interaction F (1,16) = 0.002, p = 0.97, t test on test day t 16 = .06, p = 0.95, light on during retrieval, repeated-measures ANOVA, genotype effect F (1,16) = 2.1, p = 0.17, training effect, F (1,6) = 130.4, p < 0.0001, training 3 genotype interaction F (1,16) = 2.2, p = 0.16, t test on test day t 16 = À1.4, p = 0.16. **p < 0.01. All error bars are ±SEM. See also Figure S5. the expression of an already initiated freezing response ( Figure S5C ). Yet, elevation of activity in this proportion of GCs did not permanently erase the memory as when mice were retested the same day, in the absence of light, the memory for the context was intact, as both genotypes froze similarly to the conditioning context ( Figure 5B ). Similar results were obtained when stimulating the intermediate portion of DG ( Figure S5F ). To rule out the possibility that optical stimulation of the dorsal DG impairs any ability to learn or express a freezing response, we tested the effects of light stimulation of GCs on encoding or retrieving a tone-shock association. The encoding and retrieval of cued fear memories were intact, demonstrating that the elevation of activity in DG GCs selectively impairs the encoding and retrieval of a hippocampus-dependent contextual fear memory ( Figure S5D ).
We next asked whether elevating DG activity in the ventral DG would produce similar impairments in contextual fear encoding and retrieval. POMC-ChR2 mice were implanted with fiber optics targeted to the ventral DG ( Figure 5C ) and trained in contextual fear conditioning in an identical fashion as mice implanted dorsally. Optogenetic activation of the ventral DG did not impact exploration or response to the footshock (Figure S5E) . Surprisingly, ChR2-mediated stimulation of GCs in the ventral DG had no effect on either the encoding or retrieval of fear memories ( Figure 5D ), further implicating the specific contribution of the dorsal DG to contextual encoding.
Acute Control of Anxiety through Elevation of Activity in DG GCs
Finally, we tested the impact of modulating activity in the DG on innate anxiety-related behavior. Mice were tested in two wellvalidated tests of conflict anxiety, the elevated plus maze (EPM) and the open field test (OFT) (Belzung and Griebel, 2001 ). Due to an innate aversion to bright, open spaces, mice in these tests avoid the open arms of the EPM and the center of the OFT, such that entrances into or time in these areas is inversely related to anxiety levels. We first tested whether inhibition of either the dorsal or ventral DG influenced anxiety-like behavior. POMC-eNpHR3.0 mice were implanted with fiber optics targeted to either the dorsal or ventral DG and tested for consequences of light-induced suppression of activity on anxiety state. In neither the EPM or OFT did suppression of activity in any portion of the DG impact anxiety-related behaviors or locomotor levels regardless of whether light was provided after an initial light off epoch ( Figure S6 ) or if light was given at the beginning of the test (data not shown). This suggests that brief suppression of DG activity does not impact baseline anxiety state.
Next, we examined the effect of localized ChR2-mediated stimulation of GCs on baseline anxiety state. First, POMCChR2 mice were implanted bilaterally with fiber optics targeting the dorsal DG and tested for acute effects of light stimulation on anxiety-related behaviors ( Figure 6A ). In both tests, activation of the dorsal DG elicited a dramatic increase in exploration of novel environments: stimulation increased time in the open arms of the EPM ( Figure 6C ) and total exploration of the OFT and EPM ( Figures 6D and 6G ) but did not significantly alter the percent distance traveled in the center of the open field (Figure 6F) . Interestingly, this increase in exploration extended beyond the light stimulation epoch, which may be due to either induction of plasticity of mossy fiber-CA3 synapses as a consequence of the stimulation or due to the decreased aversion to the testing apparatus due to increased exploration during the light-on period. This robust elevation of exploratory drive was specific for novel environments, as exploration induced by novel objects or another mouse was unaffected by light stimulation ( Figure S6D ). The blue light-induced increase in exploration in a novel environment was absent in mice treated with the dopamine D1 receptor antagonist, SCH23390 demonstrating that it required intact dopaminergic function ( Figure S6E ). When mice were tested for light effects in home cage exploration, the effect of light stimulation was attenuated as compared to testing in a novel environment, yet habituation to the testing conditions was impaired in POMC-ChR2 mice as compared to control mice ( Figure S6F ).
We next asked whether stimulation of GCs in the ventral DG would have a similar effect. POMC-ChR2 mice implanted with fiber optics targeted to the ventral portion of the DG were tested for acute effects of light stimulation. Light stimulation of GCs in the ventral DG induced a robust, acute, and reversible anxiolytic response in the EPM and OFT, with mice spending significantly more time in the open arms of the maze during the light-on epoch ( Figure 6J ; Movie S1) and traveling more in the center of the OFT ( Figure 6M ). In contrast to dorsal stimulation, light activation of the ventral DG did not influence overall exploratory activity, as total distance traveled in the OFT and the EPM did not differ between genotypes in the light-on epoch ( Figures 6K and  6N) . Stimulation of the intermediate portion of the DG produced a hybrid effect, by modestly increasing exploration, and decreasing anxiety ( Figure S6G ). These results suggest that the DG modulates exploration via its dorsal pole and anxietylike behavior via its ventral pole.
DISCUSSION
By using optogenetic techniques that allow neural activity in DG GCs to be acutely, reversibly and bidirectionally manipulated, we have shown that the dorsal and ventral poles of the hippocampus are functionally distinct and demonstrate that hippocampal activity not only has a mnemonic function but can also strongly influence anxiety-related behaviors. Specifically, dorsal GCs were shown to contribute to spatial and contextual learning, where they were required for rapid encoding of contextual information, but not for memory retrieval. Surprisingly, elevating dorsal DG activity also induced a dramatic increase in exploratory behavior in novel environments. The ventral DG was not required for contextual fear learning, but was found to exert a major influence on innate anxiety-like behavior (Table 1) .
As our experimental design allowed epoch-selective manipulations of GC activity, we could directly demonstrate that DG GCs are required for the encoding of contextual information, but not its retrieval. Computational models of the hippocampus have proposed a selective role for the DG in encoding novel information (Rolls, 1996; Treves and Rolls, 1992) . However, experimental evidence is mixed, with some studies reporting Lee and Kesner, 2004b) , others in both contextual encoding and retrieval (Lee and Kesner, 2004a) , and more recently, no effect has been seen in contextual fear learning after long-term genetic inactivation of GCs (Nakashiba et al., 2012) . Through optogenetic modulation of the DG with high temporal and regional precision during either the encoding or retrieval phase we determined that the DG GCs were selectively required for rapid contextual encoding. In contrast to encoding, the retrieval of contextual memories does not require the DG to be on-line suggesting that retrieval of contextual memories is mediated either by direct cortical activation of the collateral network of pyramidal neurons in CA3 (Gilbert and Brushfield, 2009; Nakazawa et al., 2002) or through the temporoammonic pathway from EC to CA1 (Brun et al., 2002) . In the ChR2 activation experiment, the impairment in retrieval we observe is likely to be caused by the indiscriminate activation of GCs, which in turn leads to altered activity in CA3 (Figure 2 ) or further downstream in the hippocampal circuit. Altering dorsal DG activity did not impact tone-shock association, consistent with a requirement of the hippocampus in encoding of contextual information but not discrete cues (Phillips and LeDoux, 1992) . Our data support a requirement for dorsal DG in rapid contextual encoding, rather than for the ability to form the context-shock association, which likely occurs in downstream amygdala nuclei (McNish et al., 1997) .
Here, we show that either suppression or elevation of activity in the dorsal DG impairs contextual encoding. DG GCs are characterized by a very sparse pattern of activation, allowing for incoming contextual representations to be encoded in nonoverlapping populations of GCs. Either elevation or suppression of activity within the DG disrupt this coding structure in the GCL likely contributing to the deficits in proper encoding of the context. In addition, we found that both manipulations impacted exploration of the conditioning chamber prior to the footshock, which may contribute to the impaired contextual encoding in both manipulations.
Our studies revealed that epoch selective regulation of activity in the ventral DG did not influence contextual encoding or retrieval. Whether contextual information is represented in the ventral DG remains unknown, but place fields in ventral hippocampus have been reported to be significantly larger and less numerous than those in dorsal CA1 (Jung et al., 1994; Kjelstrup et al., 2008) , indicating that spatial information is differentially processed along the dorsal-ventral axis. Lesion and pharmacological interventions in the ventral hippocampus have produced conflicting results regarding the role of the ventral hippocampus in contextual encoding (Czerniawski et al., 2012; Hunsaker and Kesner, 2008; Maren and Holt, 2004; Richmond et al., 1999; Wang et al., 2012) . Our studies differ from these, as here we have employed real-time, brief modulation of activity within the ventral DG, only during the 3 min of encoding or retrieval, rather than the long-term manipulations such as pharmacological interventions or lesions. In addition, our manipulations are specific to DG GCs, which leaves open the possibility that other areas of ventral hippocampus, most notably vCA1, may contribute to contextual fear conditioning or unconditioned anxiety.
In the active place avoidance task, we found that suppression of activity in dorsal GCs impaired the ability to discriminate between conflicting memories. Inactivation studies indicate that the hippocampus modulates the encoding of spatial memories in the active place avoidance task (Cimadevilla et al., 2000 (Cimadevilla et al., , 2001 ), yet this is likely via hippocampal subregions outside the dorsal DG, as our results suggest that the GCs in the dorsal DG do not contribute significantly to this process. Yet, the impaired performance in the conflict variant of this task indicated that the DG does significantly influence cognitive flexibility, the ability to resolve conflicting memories and select the appropriate response to changing contingencies. This dissociation between encoding of spatial memories and resolving conflicting memories has recently been shown in mice lacking adult neurogenesis in the DG, and in mice lacking NMDA receptors in the DG (Bannerman et al., 2012; Burghardt et al., 2012) . These results indicate that the DG plays a significant role in both rapid contextual encoding and discrimination between conflicting spatial memories, highlighting the specific nature of the dorsal DG in cognitive information processing. This role of the DG in rapid and flexible encoding of novel information may impact not only cognitive but also emotional processes. For example, impaired contextual processing in fearful situations may underlie the overgeneralization observed in a number of anxiety disorders such as panic disorder and post-traumatic stress disorder (PTSD) (Gilbertson et al., 2007; Kheirbek et al., 2012; Lissek et al., 2010; Sahay et al., 2011) . Surprisingly, activation of the dorsal DG resulted in a dramatic increase in exploratory behavior and activation of the ventral DG caused an equally robust decrease in anxiety-related behavior ( Table 1 ). Given that CA3 was only recruited at the same dorsoventral level as the GC stimulation ( Figure 2 ) these differential behavioral effects may be due to driving hippocampal output in a region-specific manner, yet future studies are required to determine the regions mediating these behavioral effects. Potential candidates for ventral DG stimulation may be the amygdala (Bienvenu et al., 2012; Kishi et al., 2006; Tye et al., 2011) and PFC (Adhikari et al., 2010) , while dorsal DG may modulate structures involved in exploration such as the lateral septum and ventral tegmental area (Luo et al., 2011; Swanson, 2000) . These studies may also provide a framework to explain how changes in neurogenesis within the DG can impact both cognition and mood (Sahay and Hen, 2007) . Specifically, we postulate a differential contribution of neurogenesis along the dorsoventral DG axis to learning and anxiety-related behaviors (Kheirbek and Hen, 2011) . Recent studies employing deep brain stimulation to ameliorate symptoms of treatment resistant depression highlight the effectiveness of circuit based approaches for the treatment of psychiatric illness (Mayberg et al., 2005) . Our results provide the first evidence that increasing activity in the ventral DG can reduce innate anxiety without affecting learning. The clear dissociation between the contributions of the dorsal and ventral poles of the DG to cognitive function and anxiety offers a rationale for pursuing strategies that target the ventral DG to treat anxiety with minimal cognitive side effects. In addition, given the immediate behavioral impact of our manipulations, these strategies are likely to have a faster onset of therapeutic efficacy than current treatments such as serotonin reuptake inhibitors.
EXPERIMENTAL PROCEDURES Mice and Stereotactic Surgery
and POMC-Cre were generated as previously described (Madisen et al., 2012; McHugh et al., 2007) . Male mice were surgically implanted with fiber optic cannulas at 8-10 weeks of age using published protocols (Sparta et al., 2012) . Behavioral experiments commenced >3 weeks after surgery to allow for recovery. Mice were implanted bilaterally with chronically dwelling optical fibers targeted to the dentate gyrus (dorsal implants: ±1 mm ML ±1.5 mm AP, À1.7 mm DV; ventral implants: ±2.5 mm ML ±3.7 mm AP, À2 mm DV; intermediate implants: ±2 mm ML ±2.9 mm AP, À1.9 mm DV). All experiments were approved by the IACUC at the New York State Psychiatric Institute.
Construction of Optical Fibers
We employed use of published techniques for the construction of chronically dwelling optical fibers and patch cables for behavioral procedures (Sparta et al., 2012) . For all experiments, a 200 mm core, 0.37 numerical aperture (NA) multimode fiber (ThorLabs) was used for optical stimulation via a patch cable connected to either a 100 mw 593.5 or 473 nm laser diode (OEM laser systems).
Slice Electrophysiology
Brains were taken from 12-to 14-week-old mice following halothane anesthesia and decapitation. Brains were chilled in ice-cold dissection solution (in mM: sucrose 195, NaCl 10, KCl 2.5, NaH 2 PO 4 1, NaHCO 3 25, glucose 10, MgCl 2 6, CaCl 2 0.5) then 350 mm horizontal slices were cut on a Leica VT1000 vibratome. Slices were recovered in an intermediate solution (in mM: sucrose 70, NaCl 80, KCl 2.5, NaH 2 PO 4 1, NaHCO 3 25, glucose 10, MgCl 2 4, CaCl 2 2) in a submerged chamber at 37 C for 45 min and then at room temperature until use in ACSF (in mM: NaCl 124, KCl 2.5, NaH 2 PO 4 1, NaHCO 3 25, glucose 20, MgCl 2 1, CaCl 2 2). Whole-cell patch-clamp recordings were made in ACSF at 31 C-32 C using borosillicate glass pipettes (initial resistance 5-6 MU) filled with an internal solution that contained (in mM) KMeSO 4 130, KCl 10, HEPES 10, NaCl 9, EGTA 0.1, MgATP 4, Na 2 GTP 0.3, phosphocreatine 10. Junction potentials were not corrected for. Voltageclamp recordings were made at a holding potential of À65 mV and currentclamp recordings at the cell's resting potential. Light was delivered via a cleaved 200 mm core, 0.37NA fiber optic ($10-15 mW at tip of optic) held at approximately 30 to the slice surface with its tip $150 mm from the recorded cell. DG GCs were recorded from at random. For recordings from POMCChR2 mice, functional channel expression was confirmed with 1 s blue light pulses and then responses to 10 Hz stimulation for 2 s using pulse durations of 5, 10, and 20 ms were recorded. In a subset of cells, it was confirmed that ChR2 responded to 10 Hz stimulation over a 3 min period (data not shown). In POMC-eNpHR3.0 mice, functional pump expression was checked using a 1 s yellow light pulse and then three stimulation paradigms were used to assay the suppression of action potential generation: (1) light was delivered for 800 ms and incremental depolarizing current injections of 500 ms were given during illumination, (2) 1.5 s incremental depolarizing current injections were delivered and yellow light was given for the middle 0.5 s, (3) 250 ms 150 pA current injections were given at 1 Hz for 20 s without light and then throughout a 3 min yellow light pulse and for 20 s after light. All protocols were repeated 3-6 times (twice for 3 min illuminations) for each cell and the average taken to represent that cell's response.
Behavioral Experiments
For anxiety tests, mice were quickly attached to the fiber optic patch cables (bilaterally) via a zirconia sleeve, then placed in testing apparatus. The patch cables were interfaced to an FC/PC rotary joint (Doric lenses), which was attached on the other end to either a 593.5 or 473 nm laser diode that was controlled by a Master-8 stimulator (AMPI). Hardware configuration was identical for all tests. Sessions lasted for 15 min consisting of three 5 min epochs: light off, light on, and light off. Open field (Kinder Scientific) was tested with high lux illumination (600 lux) and was collected and analyzed with MotorMonitor software, with total distance traveled and percent of that distance traveled in the center of the arena documented. In the EPM, sessions were videotaped, and analyzed for time spent in closed arms, open arms and center of the maze using TopScan software. For home cage exploration, mice were singly housed for 1 week before being brought into a novel testing room, and tested for light effects on distance traveled in their home cage using TopScan software. For social interaction and novel object investigation, an experimenter blind to treatment condition analyzed total approaches and time investigating the novel mouse or object during light on and off epochs. Fear conditioning took place in Coulbourn Instruments fear-conditioning boxes that contained one clear plexiglass wall, three aluminum walls, and a stainless steel grid as a floor. Mice were brought in to the testing room in a novel cage, attached to the fiberoptic patch cables then placed in fear-conditioning boxes. The training session began with the onset of the houselight and fan, and anise scent was placed under the grid floor. In this one-trial contextual fear conditioning protocol, mice received light stimulations as described in the text, and 180 s after placement of the mouse in the training context and onset of houselight and fan, mice received single 2 s footshock of 0.75 mA. All freezing was measured before the single footshock. The mouse was taken out 15 s after termination of the footshock and returned to its home cage. The grid and the waste tray were cleaned with Sanicloths between runs. Mice were recorded by digital video cameras mounted above the conditioning chamber and were scored for freezing by an investigator blind to the genotype of the animal. For cued fear conditioning, mice were trained in the same context as in contextual fear conditioning, except that a 20 s, 80 db, 2 kHz pure tone was provided as the discrete cue CS, and a 2 s footshock that coterminated with the tone was provided. Twenty-four hours later, mice were tested for cued fear in a novel context, in which the conditioning chamber was altered, the stainless steel grid floor was covered with a plastic panel and novel cage bedding, the chamber walls were covered and made circular using plastic inserts, the house fan and lights were turned off, and a mild lemon scent was placed below the floor. The chamber door was left ajar during testing. Mice were brought into the testing room in white transport buckets. Mice were given the tone, and an investigator blind to genotype scored freezing before the first tone presentation and during tone presentations as a measure of cued fear.
We tested active place avoidance using methods previously described (Burghardt et al., 2012) . Briefly, mice were attached to fiber optic cables and placed on a circular (40 cm diameter) platform that rotated clockwise at a speed of 1 rpm. The rotating platform was exposed to the room environment with multiple visual cues, including a black curtain, a white piece of cardboard, a black and white stripped piece of paper, and a cream colored cloth. A shock zone was defined within a 60 region of the stationary room. Entrance into the shock zone resulted in a brief constant current footshock (500 ms, 60 Hz, 0.2 mA) that was scrambled across pairs of parallel rods located on the platform floor. If the mouse remained in the shock zone, it received additional shocks of the same intensity and duration every 1.5 s. The position of the mouse was tracked by PC-based software that analyzed images from an overhead camera and delivered shocks appropriately (Tracker, Bio-Signal Group Corp., Brooklyn, NY). Mice were trained for 3 sessions (30 min session, sessions 1 and 3, light on, session 2 light off). In the conflict trial, the shock zone was flipped to the opposite zone and mice were tested for 20 min with the light on. Active place avoidance was measured as the number of times a mouse entered the shock zone, which was computed by Track Analysis software (Bio-Signal Group Corp., Brooklyn, NY), and time in place heat maps were generated as previously described (Burghardt et al., 2012) .
Immunohistochemistry
For all cFos induction experiments, mice were separated and singly housed for at least 24 hr before tested for light effects on cFos induction. Mice were placed in a novel arena, and then stimulated with light. For ChR2 experiments mice received 5 min of stimulation (10 Hz, 20 ms pulses, 8 mw light power) then returned to their home cage. For eNpHR3.0 experiments, mice received 20 min of constant yellow light stimulation (15 mw), then returned to their home cage. Ninety minutes after the onset of stimulation, mice were perfused, and sections were labeled for cFos. An investigator blind to treatment condition counted cFos + cells in the GCL and CA3 across the dorsoventral axis of the dentate gyrus.
Statistical Methods
All data are represented as mean ± SEM. Data was analyzed in Microsoft Excel, Clampfit 10, StatView, and SigmaPlot 12. All statistical tests used are noted in the text, which included t tests and ANOVAs with post hoc t test where applicable. All main effects and interactions are noted in the text. A p < 0.05 was considered significant.
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